Abstract Based on two mitochondrial genes (cyt b, ND4) and one nuclear gene (c-mos), we explored the relationships within the Asian pit viper genus Gloydius. In total, 23 samples representing 10 species were analyzed. All phylogeAll phylogenetic analyses support a monophyletic Gloydius with two major clades, one comprising G. brevicaudus, G. blomhoffii, and G. ussuriensis with the sister clade consisting of G. intermedius, G. saxatilis, G. halys and G. shedaoensis. The relationships among the three montane species G. strauchi, G. qinlingensis and G. liupanensis, as well as the two monophyletic groups, are unstable, and discussed. Divergence date estimation indicates that Gloydius lineage formed 15 Ma and diversification of the genus occurred at 9.89 Ma. Issues regarding the taxonomy of this genus are discussed where necessary.
Introduction
The genus Gloydius (Serpentes: Crotalinae) is a venomous group of snakes distributed in many places of Asia, including China, Korea, Japan, Russia and Nepal (David and Ineich, 1999; Gumprecht et al., 2004) , and is diverse in ecology (e. g., montane or lowland, and arboreal or terrestrial) and external morphology (Zhao, 2006) . Previous research has focused on the taxonomy (Guo et al., 1999) , ecology (Shine et al., 2002) and evolution (Wüster et al., 2008; Ding et al., 2011) of this taxon. Guo et al. (1998) reviewed the systematics of this genus. On the basis of comparative skull morphology, Guo et al. (1999) (Guo et al., 2002) . However, other authors have proposed different taxonomic arrangements (Zhao, 1979 (Zhao, , 1980 Shen et al., 1999; Zhou et al., 2000 Zhou et al., , 2001 Li, 2007 Li, , 2009 . Taxonomic arrangement of the species within Gloydius has varied greatly in the literature (Isogawa, 1997; Li, 1999; David and Ineich, 1999; Gumprecht et al., 2004; Zhao, 2006; Jiang and Zhao, 2009 ). Here we explore the systematics and interspecific relationships of the genus Gloydius using both mtDNA and nDNA loci, focusing on the species that occur in China.
representing eight species using the phenol/chloroform method (Sambrook and Russell, 2002) . Complete gene sequences for cytochrome b (cyt b), partial gene sequences of NADH dehydrogenase subunit 4 (ND4) and the nuclear gene c-mos were amplified via polymerase chain reaction (PCR) using the following primers: L14910/H16064 (Burbrink et al., 2000) , ND4/Leu (Arevalo et al., 1994) and S77/S78 (Lawson et al., 2005) , respectively. Protocol for amplification followed Burbrink et al. (2000) , Arevalo et al. (1994) and Lawson et al. (2005) . Double-stranded products were sequenced using an ABI 3730 Genetic Analyzer (Applied Biosystems) following manufacturer's protocols. All mtDNA sequences were aligned using ClustalW in Mega 4.0 with default settings (Tamura et al., 2008) and checked by eye to ensure pseudogenes were not amplified (Zhang and Hewitt, 1996) . (Ronquist and Huelsenbeck, 2003; Nylander, 2004) . Three independent runs initiated from random trees were conducted in MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003 
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GP: Guo Peng, for author's own catalogue numbers. and sampled every 3 000 generations with 20% of the initial samples discarded as burn-in. Substitution parameters were unlinked and rates were allowed to vary across partitions. Stationarity was confirmed in the program Tracer v1.4 . The resultant trees were combined as a 50% majorityrule consensus tree to calculate posterior probabilities (PP) for each node. The ML tree and associated support indices were obtained under the same partition strategy executed in RAxML (Stamatakis et al., 2008) . MP trees were generated using PAUP* 4.0b10 (Swofford, 2003) from equally weighted characters with a heuristic search using 1 000 random sequence addition replicates and tree bisection-reconnection (TBR) branch swapping. Support values (BS) for clades were calculated from 1 000 bootstrap pseudoreplicates (Felsenstein, 1985) . Average divergence estimation between species was calculated from two mitochondrial genes using Mega 4.0 (Tamura et al., 2008) .
Divergence time estimation
The program BEAST v 1.5.1 was used to estimate the date of origin of Gloydius under the assumption of a relaxed molecular clock using BI (Drummond et al., 2006) . The conditions of this analysis were identical to those of the Bayesian phylogenetic inference above. Rates and times were estimated under the uncorrelated lognormal tree prior, with a birth-death prior on speciation and Jeffrey's priors on the substitution model parameters. For this analysis, only two mtDNA sequences were used, and several additional species were included and their sequences were retrieved from GenBank (Porthidium ophryomegas, P. nasutum, Naja nigricollis, N. naja, Hemorrhois algirus, H. nummifer, Acrochordus granulatus; Table 1 ). Of them, A. granulatus was considered as outgroup based on previous work (Pyron et al., 2011) Three calibrations were used to date the tree: 1) The divergence between P. ophryomegas and P. nasutum was modeled with a normal distribution, with a mean of 3.5 Ma and a standard deviation of 0.51 (Wüster et al., 2002) ; 2) the split between N. nigricollis and N. naja was given a lognormal prior with a 16 Ma zero offset, lognormal mean of 1 and a lognormal standard deviation of 1 (Szyndlar and Rage, 1990; Wüster et al., 2007) ; and 3) the divergence between H. algirus and H. nummifer was calibrated with a normal prior having a mean of 18 Ma (Nagy et al., 2003) and a standard deviation of 2.04. We assumed convergence when the effective sample size (ESS) of the posterior probability distribution of all parameters was > 200 (Drummond et al., 2006) , calculated in Tracer v1.4 .
Results

Sequence data
The final alignment of three gene fragments consisted of a total of 2 282 base pairs: 1 067 from cyt b, 665 from ND4 and 550 from c-mos. The concatenated dataset contained 619 variable sites, of which 438 were phylogenetically informative under MP criteria. No deletions, insertions or stop codons were detected, indicating that the unintentional amplification of pseudogenes was unlikely (Zhang and Hewitt, 1996) . Average divergence distances based on the mtDNA loci between species are given in Table 3 . Novel sequences were deposited in GenBank (Table 1) .
Phylogenetic analyses
The best-fit model for each partition is listed in Table 2 . In the BI tree, all representatives of Gloydius were shown to be monophyletic with strong support (100%; Figure 1) . Within Gloydius, G. brevicaudus, G. ussuriensis and G. blomhoffi formed a highly supported monophyletic group, of which G. ussuriensis showed a sister relationship with G. blomhoffi, and then both were sisterly related to G. brevicaudus. G. intermedius, G. halys, G. saxatilis,  G. shedaoensis, G. strauchi and G. liupanensis formed another monophyletic group with strong support (99%). Within this clade, G. intermedius, G. halys, G. saxatilis, G. shedaoensis formed a subclade with high support value (100%), and G. saxatilis showed a sister relationship with G. shedaoensis. Interestingly, the two samples representing G. intermedius are not recovered as sister taxa. The MP and ML trees topologies are generally consistent with the BI tree. The main differences are indicated by the positions of G. qinlingensis, G. strauchi and G. liupanensis (Figure 1 ). (Figure 2 ).
Divergence date estimation
Discussion
Phylogeny reconstruction using three different methods generally produced congruent results, in which all the representatives of Gloydius analyzed formed a well supported group (Figure 1) . The interspecific relationships presented here are consistent with those of previous results based on morphological comparisons to some extent (Guo et al., 2002 (Figure 1 ). Of the Chinese Gloydius species, controversy has existed regarding the systematic position of G. qinlingensis and G. liupanensis since they were initially described (Zhao et al., 1998; Zhao and Yang, 1997; Guo et al., 1999; Gumprecht et al., 2004; Wang and Zhao, 2006) . Zhao et al. (1998) synonymized both with G. strauchi. Based on comparisons of skull characteristics, Guo et al. (1999) recognized G. qinlingensis to be a valid species. On the basis of external morphology, Wang Table 3 Uncorrected P-distance between species of Gloydius for cyt b (above the diagonal) and ND4 (below the diagonal) sequences.
Figure 2
Bayesian estimates of divergence time (Ma) with 95% HPD of the genus Gloydius computed using BEAST .
